Objective: To examine the evidence as to whether the relationship between undernutrition and poor child development is causal. Design: Selected studies from developing countries were discussed. Observational studies were first considered then experimental studies of preventative and remedial supplementation. The type of functions affected, the presence of sensitive periods and the role of protein and energy versus that of micronutrients were reviewed. Results: Childhood undernutrition is generally associated with concurrent and longer term deficits in cognition, behaviour and motor skills, although the relationship is likely to be confounded by socio-economic factors. Supplementation trials have had many design problems. However, those beginning at any age from pregnancy up to 24 months have consistently had concurrent benefits suggesting a causal relationship. Supplement begun in older children had little or no effect, albeit there are too few studies to conclude with confidence. The limited evidence suggests that benefits are more likely to be sustained if supplementation begins in late pregnancy or at birth and is continued until the child is at least 24 months old.
Introduction
Undernutrition is currently diagnosed when measures of weight for age, height for age or weight for height are below 2 2 standard deviations of internationally accepted references 1 . Undernutrition was previously referred to as protein energy malnutrition. However, when children are undernourished due to low dietary intakes of protein and energy their diets are usually also deficient in many micronutrients 2 . There is some evidence linking zinc, iron and iodine deficiencies to poor development and it is likely that other micronutrients also affect development. In addition, in many studies of supplementation with calories and protein, micronutrient supplements were also given. It is therefore usually not possible to separate the effects of macronutrients from those of micronutrients.
Although the prevalence of childhood undernutrition has declined it remains extremely high. It is estimated that 33% of children under 5 years in developing countries are moderately stunted and 10% moderately wasted 3 . Since the 1950s, research has been conducted on the effect of undernutrition on children's development and there is now a considerable amount of evidence indicating a causal relationship between undernutrition and poor development. In this report we will review the literature from developing countries concerning the effects of stunting (low height for age) and wasting (low weight for height) as well as studies in which supplements containing protein and energy were given. We first briefly discuss child development and factors which affect development.
Child development and the role of the environment
It is important to understand child development and the context of undernutrition in order to evaluate the effects of undernutrition. Child development is multi-dimensional and includes cognitive, motor, social and emotional domains, all of which are interdependent with changes in one domain affecting changes in the others. Children's development is also multi-determined being influenced by a multitude of factors including genetics, child characteristics (e.g. temperament), the biological state of the child (e.g. health and nutritional status), the proximal environment (e.g. level of stimulation in the home, quality of maternal-child interaction) and the distal environment (e.g. culture, urban-rural residence, type of neighbourhood) 4, 5 . Some factors are protective, whereas others make the child more vulnerable, their effects may be additive or interactive. These factors continue to affect development throughout childhood although there may be more sensitive periods and the long-term effects depend on previous, current and future experiences.
Undernourished children's environment
Undernourished children generally come from disadvantaged backgrounds including such factors as poverty, poor housing and sanitation, poor health care, poor levels of parental education and psychosocial functioning and unstimulating home environments. The children themselves are more likely to have been low birth weight, have frequent infections and other nutrient deficiencies. These factors may independently affect children's development or modify the effects of undernutrition. It is therefore extremely difficult to infer a causal relationship between undernutrition and development from observational studies. There is usually a high probability that unmeasured social and biological variables may confound the relationship. Supplementation trials have many problems but can provide stronger evidence of causal relationships.
Observational studies of undernourished children
Concurrent cognition and school achievement Many observational studies have shown concurrent associations between stunting or low weight for age and poor mental and motor developmental levels in early childhood 6 -9 . In later childhood they have shown associations with poor cognition and school achievement 10 -13 . Associations between wasting and development are less often found than associations between stunting and development 14 . In Egypt and Kenya, investigators examined relationships between children's dietary intake and cognition and behaviour. In Egypt, associations were found between children's mental development index and current intake of protein, kcals, and fat at 24 months of age 15 . In Kenya, associations were found between calorie intake at 30 months and amount of vocalisation and play. In addition, intake of kcals, total protein, animal protein and fat between 18 and 23 months and intake of animal protein and fat between 24 and 30 months were associated with cognition at 5 years 16 . However, in studies of dietary intake a large number of tests were often conducted and control for socio-economic background was usually limited.
Concurrent behavioural differences
Children hospitalised for severe malnutrition are less active and exploratory, more apathetic and show less active distress in the acute stage than children hospitalised for other diseases 17, 18 . They also show reduced orienting response to auditory stimuli 19 , and have low amplitude cries 18 . These behaviours return to normal with recovery except for the quality of exploration. In contrast, the children's level of development usually remains poor.
Moderately undernourished children also show altered behaviour. In young children, these behaviours include lower activity level 20 , lower amounts and less enthusiasm for play and exploration 21 -24 , increased fussing 21, 24, 25 , less positive affect 24 , fewer vocalisations 21, 9 , and a tendency to stay closer to the mother 26, 22, 23 , and be more apathetic 27, 28 .
Comment on cross-sectional studies
Although the findings from cross-sectional studies are generally consistent it is likely that children's disadvantaged home backgrounds confound the relationship between undernutrition and child development. Even when investigators control for several socio-economic background variables it is unlikely that they have taken all possible ones into account. Furthermore, the temporal relationship between undernutrition and poor development is unknown and it remains possible that children with poor development are most likely to become undernourished. Longitudinal studies are more useful as they allow the exploration of changes in development over time and the effect of moderating variables can be examined. However, prospective studies beginning before the onset of undernutrition have rarely been conducted.
Longitudinal studies of undernourished children
Associations between growth and change in development Significant associations have been found between children's linear growth and change in development in Guatemala and Jamaica. Change in height from 6 to 24 months of age was associated with change in development in Guatemalan children 29 . In stunted Jamaican children aged between 6 and 24 months, change in height over the subsequent 24 months was associated with change in developmental levels. Furthermore, change in height in the first 12 months predicted change in mental age in the second 12 months even after controlling for height change in the second year 30 .
Follow-up of children with severe clinical malnutrition in early childhood Children hospitalised for severe malnutrition in early childhood in developing countries have been found to have long-term deficits in cognitive development and school achievement up to adolescence. Studies compared previously severely malnourished children with matched controls and/or siblings. In eight out of nine studies reviewed using matched controls the previously malnourished children performed significantly worse on cognitive tests than children without a history of malnutrition 31 -39 . Only one study, in South Africa, 40 showed no difference between the groups. Deficits were present up to puberty but there is little data from adults. There is some suggestion that stunting or weight for age in the acute stage is more predictive of later function than wasting or the presence of oedema.
Studies using siblings as a comparison group have produced less consistent results. Siblings of previously malnourished children performed significantly worse on intelligence tests than their siblings in Mexico 41 , Jamaica 36, 42 , Lebanon 43 , and Nigeria
38
. A study in South Africa 44 showed no difference on an intelligence test between the groups although the index children did perform worse than their siblings on a drawing test. When school grades have been used as the outcome measure differences were less likely to be found. One study found significantly worse school grades in the previously malnourished group 45 whereas in two other studies no differences were found 46, 47 . Although comparisons with siblings ensure children are matched for social background and family characteristics, the siblings are likely to have suffered from moderate malnutrition themselves.
Generally there was no association between level of function and age of admission to hospital, which ranged from the first 6 to 36 months.
Follow-up studies of children with stunting in early childhood We found five longitudinal studies of children, who were stunted in early childhood. In all studies, early stunting was associated with cognitive or school achievement deficits at follow-up at varying ages from 5 years to adolescence 16,48 -51 . Type of long-term cognitive and motor deficits Most follow-up studies of school-aged children who suffered from early childhood severe clinical malnutrition used global measures. The children usually had lower IQs and poorer school achievement than matched peers. When cognitive functions were examined, different functions were examined in different studies. Few studies examined a comprehensive range of cognitive functions. There is therefore insufficient evidence to identify specific cognitive deficits. However, where reasoning and perceptual-spatial functions were examined they were fairly consistently affected 31, 38, 39 as was fine motor function. Soft neurological signs have been found and in younger children intersensory integration and performance on Piagetian tests were affected.
Children who were stunted in the first 3 years of life have also shown deficits in later childhood in a broad range of measures and there is no consistent evidence of a specific cognitive deficit. In Guatemala 48 , early stunting was associated with deficits in literacy, numeracy, general knowledge and maximum school grade reached at 18 years or older in both sexes and reasoning (Ravens matrices) in boys only. In Jamaica 51 , at 11-12 years of age, deficits were found in a wide range of cognitive and school achievement tests including IQ, reading, arithmetic, reasoning, vocabulary, verbal analogies, visualspatial working memory, simple and complex auditory working memory, sustained attention and information processing. Out of the range of cognitive tests, only simple auditory working memory was not affected. In an earlier Jamaican study, stunting before 2 years of age was related to later deficits in school achievement 50 . In the Philippines 49 , early stunting was associated with low IQ and school drop out, grade repetition and absenteeism at 11 years. In Kenya 16 , early height and weight were associated with children's vocabulary and reasoning (Raven's matrices) at 5 years.
Long-term behavioural effects
There is limited evidence that some behavioural anomalies persist until later childhood and adolescence. Jamaican children who were stunted before 2 years of age were found to be more inhibited and less attentive at age 8-10 years 52 , and had more conduct disorders at age 11 -12 years 53 . Children hospitalised for malnutrition in the first year of life were found to have poorer behaviour in school including attention deficits, poor social skills and were more aggressive and more distractible at home than children with no history of malnutrition 54 . Children around 4 years of age were observed to play less and stay closer to their mothers and be more unresponsive when given a task 26 . In the quasi-experimental study in Guatemala, children were classified into two groups (high supplementation and low supplementation) according to the level of maternal supplementation during pregnancy and child supplementation from birth to 4 years. Children in the high supplementation group were more exploratory, more persistent, more involved and active, less anxious and displayed more affective expression (both positive and negative) in a range of structured and unstructured situations 55, 56 .
Comments on longitudinal studies
The majority of long-term follow-up studies of undernourished children in developing countries have found some cognitive, fine motor or behavioural deficits in later childhood. This finding applies to both children who were stunted and those who had severe malnutrition and were admitted to hospital. There was little consistent evidence of specific cognitive deficits. However, the risk factors associated with poverty confounding the results remain a possibility. There is very little data from adulthood.
Intervention studies
There are several supplementation studies, which had developmental outcomes and these should allow causal inferences. They may be divided into preventative ones, which began in pregnancy or at birth and remedial ones, which targeted children who are already undernourished. A few studies also included stimulation. The details of the more important studies are given in Tables 1 and 2 .
Preventive supplementation One study, a randomised trial in Taiwan   57 , involved supplementation of high risk women in pregnancy and lactation only. Their infants were not supplemented. At 8 months of age, benefits were found to children's motor but not mental development but there was no evidence of a sustained benefit on their IQ at 5 years 58 . In populations at risk for undernutrition, supplementation in pregnancy followed by supplementation of children for at least 2-3 years has consistently had concurrent benefits on children's development. These studies were conducted in Bogota 59 , Mexico 21 , and Guatemala 60 . Long-term benefits were found in Mexico 61 and Guatemala. The follow-up in Bogota is not reported in detail but children at 7 years showed benefits in reading readiness 62 . However, there were problems with the study design in some of the preventative supplementation trials. In Mexico, the groups were very small and were not randomly assigned to treatment but were separated by time. In the Guatemalan study, only four villages were used in the randomisation and differences were found between the villages on key characteristics such as paternal occupation and literacy and quality of schooling. Only in Taiwan was a true placebo given. In addition, as all of the studies involved supplementation of mothers, it is unclear if the benefits to the children can be ascribed to the supplement per se or are due to changes in maternal behaviour.
Remedial supplementation
The effects of remedial interventions for undernourished children are less consistent. In one study in which supplementation began after age 3 years, the children showed no concurrent or long-term benefits from supplementation alone 63 . Three studies involved supplementation of children before the age of 24 months and concurrent benefits were obtained. Two of these studies were conducted in Indonesia 25, 64 , and one was in Jamaica 65 . Two of the studies have reported long-term follow-up. In Indonesia, some benefit was sustained at 9 years of age but only for children supplemented before the age of 18 months and in one of several tests 66 . In Jamaica small global benefits were found at age 7-8 years 67 , but 68 or remedial supplementary feeding tended to benefit motor performance before mental development. It may be that only motor performance is affected in the first year of life or it is easier to detect on the tests used at this age. However, there is evidence that motor development is affected first and then the benefits spread to other areas of development. For example, in the study with stunted children in Jamaica 65 , supplementation only benefited motor development in the 1st year but in the 2nd year benefits were also found on the performance subscale. In two other studies, benefits of supplementation were first found for locomotor and manipulative activities and later gains were found in other areas 28, 69 .
Conclusion from nutritional supplementation studies Supplementation beginning at any age from pregnancy up to 24 months has had concurrent benefits. Supplement begun in older children had little effect, albeit there were too few studies to conclude with confidence. The limited evidence from long-term follow-up studies suggests that supplementation is more likely to be sustained if begun in late pregnancy and continued with the child for at least the first 24 months.
Evidence of sensitive periods
Evidence from longitudinal observational studies or supplementation trials can give some indication of whether there is a period of development, which is most sensitive to nutritional insults.
Observational studies
Observational studies have shown that undernutrition at any time in the first 36 months of age is usually associated with long-term effects. In the Jamaican study with stunted children, their height, weight and head circumference were measured on enrolment between 9-24 months, 2 years later and at 7 and 11 years of age 70 . Height on enrolment and head circumference on enrolment and 2 years later predicted IQ at 11 years. None of the anthropometric measurements taken at 7 and 11 years of age predicted IQ. These results suggest that children under 2 -3 years of age are more sensitive to the effects of undernutrition and thus reinforce the importance of early childhood.
Evidence from supplementation studies Supplementation studies should give more precise estimates of sensitive periods. Several studies examined the effect of early versus later supplementation. In Bogota 59 , no significant benefit was found at 3 years of age from supplementation of the mothers in pregnancy and the children up to 6 months of age. Also there was no significant difference between the groups treated from pregnancy to 36 months or from age 6 months to 3 years.
In Guatemala
60
, a group supplemented from pregnancy through to at least 2 years showed benefits in more tests than children receiving treatment after the age of 2 years. Similarly in Indonesia 64 , children under 20 months benefited from supplement, but not older children.
Duration and severity of undernutrition Duration and severity of undernutrition may also play a role. In Ethiopia, children whose weights fell below the 3rd centile of the NCHS references by 4 months of age had poorer developmental levels at 24 months than children whose weights fell below by 10 or 12 months. However, when weight at 2 years of age was controlled, the groups were not different. Both groups had poorer development than children whose weights were never below the 3rd centile at these ages 71 . Similarly, in the Philippines 49 , children who became stunted by 6 months of age had poorer levels of IQ scores at 11 years than children who became stunted by 24 months. However, when severity of stunting at 24 months was considered, early stunting was no longer significant.
Summary of evidence of vulnerable periods
The findings from the above supplementation studies indicate that supplementation in pregnancy alone, with or without the first 6 months has concurrent but no sustained benefit. Supplementation in the last trimester of pregnancy and for the first 2-3 years results in concurrent and probably sustained benefits.
When supplementation begins in already undernourished children, concurrent benefits usually occur if they are 2 years of age or younger. The evidence is insufficient to determine whether benefits are sustained. It is unknown whether supplementing children over 3 years produces benefits. The data are insufficient to come to firm conclusions but they point to the first 2 years being the most important.
Stimulation
Studies involving stimulation (with or without supplementation) with undernourished children have generally been successful with most producing concurrent benefits 59, 63, 65, 72 . We found three studies which followed up the children and long-term benefits were present in all 51, 72, 73 . The study in Bogota reported above 59 showed only limited concurrent benefits of stimulation and 3 1 2 years following the end of intervention the boys only showed a marginal benefit in reading 62 . The children were younger than in the other studies and it is difficult to ascertain if lack of benefit was due to inappropriate intervention or to younger children being less responsive to stimulation.
Activity and undernutrition
Undernourished children have been observed to be less active than better nourished children in several studies. Undernourished children in Uganda were less active than adequately nourished expatriate children 74 although cultural differences may account for this finding. Guatemalan children with low weight for height were less active than children with higher weights for height 75 . However, a study in Columbia found no evidence of undernourished children (age 6 -16 years) expending less energy as measured by heart rates and metabolic rates 76 . Supplementation studies have mixed results. Children recently recovered from severe malnutrition were found to have reduced energy expenditure 77 and reduced activity levels 78 when energy intakes were reduced in a clinical setting. In the supplementation study in Mexico, children in the supplemented group were more active than nonsupplemented children 21 . However, in the Jamaican study with stunted children, supplementation had no effect on activity level 20 . In the recent Indonesian study, supplemented children in the 12-month cohort, showed increased activity levels compared to the placebo group although children in the 18-month cohort did not 79 . Both the Jamaican and Indonesian studies showed that activity was highly related to motor development in the very young undernourished children and less so as they got older. Thus reduced activity may be partly a reflection of delayed motor maturation at this age.
Possible mechanisms linking undernutrition to poor development
One theory linking undernutrition to poor development is the functional isolation hypothesis 80 . In this theory, the behavioural characteristics of undernourished children (reduced activity, exploration and apathy) lead to reduced interaction with the environment and this in turn leads to poor developmental outcomes. In addition, caregivers have been found to be less stimulating towards undernourished children although it is unclear whether the caretakers' behaviour precedes the development of undernutrition 32 , or is a reaction to the behaviour of undernourished children 21 . Undernutrition may also result in structural and functional impairment to the brain and central nervous system 81 that affects development. A less well established hypothesis is that undernourished children have an altered response to stressors 52 and this in turn may affect function.
Studies differentiating protein and energy from micronutrients
It is often difficult to separate macronutrients from micronutrients in the above studies. In some supplementation studies, micronutrients were given as well as food and the controls received nothing. For example, in Colombia 59 , the supplemented group was given ferrous sulphate and vitamin A as well as food and in Mexico 21 , the supplemented group also received micronutrients. In both studies the controls were not supplemented. Also in Jamaica 82 , the supplemented group received milk formula, which was fortified with micronutrients.
In Indonesia
64
, no micronutrients were given to either group so the supplemented group only received the micronutrients naturally present in the food. In Taiwan   57 , both supplemented and placebo groups received micronutrients but it is not clear if they received the same amounts.
In Guatemala 60 , investigators attempted to separate protein and energy from micronutrients and villages were randomised to receive Atole (protein and energy with micronutrients) or Fresco (micronutrients alone). The Atole group showed concurrent and long-term benefits over the Fresco group. However, differential rates of consumption favouring the Atole group were found in early childhood and hence different amounts of micronutrients were consumed.
A recent Indonesian study of supplementing undernourished children 25 was probably the only study to adequately separate micronutrients from milk based supplement. Children were randomised to group E, which received condensed milk with micronutrients (6 g protein and 280 kcals per 100 ml), group M, which received skimmed milk and micronutrients (50 kcals and 1.35 g protein) or group S, which received skimmed milk alone (25 kcals and 1.35 g protein). In the cohort enrolled at 12 months of age, children in the E group showed significant benefits in motor milestones and a test of searching for objects compared with the M group. However, the micronutrient group showed benefits compared with the S group and both E and M were better than S in the motor and mental development index of the Bayley Scales.
In the 18-month cohort, the E supplement showed significant benefits compared with the M group in mental development index of the Bayley Scales.
Summary
Only the Indonesian study managed to isolate energy and protein from micronutrients and therefore there is limited evidence that energy and/or protein alone affects children's development.
Conclusions
There is ample evidence that undernourished children's development, behaviour and school achievement is usually poor both concurrently and in the long term. Supplementation studies in children under 3 years have consistently shown concurrent benefits to child development. These studies are from different countries and some have design problems, however, the consistency of the finding suggests that the relationship is causal. There is very limited evidence that benefits from supplement are sustained if supplement is begun from pregnancy or birth. There is considerable evidence that the first 2 years are the most sensitive to undernutrition. The data is too limited to separate the role of protein and calories from that of micronutrients with confidence although one study showed benefits from energy and protein. Not surprisingly, it appears that for optimal development children need a well balanced diet. It is also clear that undernourished children need an enriched environment to maximise their future development.
